Human PIWIL2, aka HILI, is a member of PIWI protein family and overexpresses in various tumors. However, the underlying mechanisms of HILI in tumorigenesis remain largely unknown. TBCB has a critical role in regulating microtubule dynamics and is overexpressed in many cancers. Here we report that HILI inhibits Gigaxonin-mediated TBCB ubiquitination and degradation by interacting with TBCB, promoting the binding between HSP90 and TBCB, and suppressing the interaction between Gigaxonin and TBCB. Meanwhile, HILI can also reduce phosphorylation level of TBCB induced by PAK1. Our results showed that HILI suppresses microtubule polymerization and promotes cell proliferation, migration and invasion via TBCB for the first time, revealing a novel mechanism for HILI in tumorigenesis.
Microtubules are ubiquitous and versatile cytoskeletal structures connected with a wide variety of functions, such as cell division, cell motility and intracellular transport, all of which rely on microtubule dynamics 1 . Microtubule subunits are heterodimers composed of one α -tubulin polypeptide and one β -tubulin polypeptide. Correct incorporation of these subunits into the polymer requires a complex folding process and is facilitated by a subfamily of chaperones known as CCT/TriC/c-cpn and a set of tubulin specific cofactors (A to E) 2, 3 . TBCB, (Tubulin cofactor B), as its name suggests, is one of cofactor family (TBCA-TBCE) and plays a role in microtubule biosynthesis [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Overexpression of TBCB leads to microtubule depolymerization in HeLa cells. This function of TBCB is based on the ability of TBCB to form a binary complex with TBCE and greatly enhance the efficiency of TBCE to dissociate tubulin heterodimer 1 . The function of TBCB can be regulated by posttranslational modification. Previous research has shown that Gigaxonin interacts with TBCB and controls its degradation through the Ubiquitin-Proteasome pathway 7 . Previous research also showed that HSP90 (90-kDa heat-shock protein) is an abundant chaperone facilitating protein folding and stabilization. HSP90 can up-regulate TBCB expression 15 . In addition, recent research showed that growth factor-induced stimulation of p21-activated kinase 1 (PAK1) participates in regulating microtubule dynamics through phosphorylating TBCB on ser-65 and ser-128 during the microtububle regrowth phase 10 . PIWIL2, aka HILI, is a member of PIWI subfamily containing PIWI and PAZ domains, plays crucial roles in self-renew of stem and germ cells, RNA silencing and translational regulation in different organisms during evolution and is ectopically expressed in different cancer cells [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Our previous researches have shown that HILI regulates microfilaments and intermediate filaments of tumor cells [29] [30] [31] [32] , these findings prompt us to shift our attention to the roles of HILI in microtubule dynamics of tumor cells.
Here we present that HILI suppresses microtubule polymerization and promotes cell proliferation, migration and invasion via TBCB for the first time. Our current study reveals that HILI inhibits TBCB ubiquitination and degradation and reduces phosphorylation level of TBCB induced by PAK1, revealing a novel mechanism for HILI in tumorigenesis. level of α -tubulin, showing that up-regulation of HILI decreased acetylation level of α -tubulin and down-regulation of HILI increased acetylation level of α -tubulin in HeLa and HepG2 cells, but fluorescence intensity of α -tubulin had no significant change (Fig. 1B) . To further prove that HILI inhibits microtubule polymerization, a tubulin polymerization in vivo assay was performed, showing that HILI overexpression significantly decreased polymerized α -tubulin and HILI knockdown significantly increased polymerized α -tubulin in HeLa and HepG2 cells (Fig. 1C) . We further studied how HILI inhibited microtubule polymerization.When TBCB was overexpressed simultaneously, HILI knockdown can no longer increase the acetylation level of α -tubulin and vice versa (Fig. 1D) . Similar results were also observed in immunofluorescence experiments (Fig. 1E) . These results suggested that HILI inhibits microtubule polymerization in a TBCB-dependent manner.
HILI interacts with TBCB. We have proved that HILI suppresses microtubule polymerization in a TBCB-dependent manner, so we next confirmed whether HILI can interact with TBCB in tumor cells. Subsequently coimmunoprecipitation assays were performed, showing that endogenous HILI and TBCB can interact with each other in HeLa cells ( Fig. 2A) , and then immunofluorescence assays showed that endogenous HILI and TBCB were mainly overlapped in cytoplasm in HeLa and HepG2 cells (Fig. 2B) . To further identify the functional domains involved in the interaction between HILI and TBCB, we constructed their mutants respectively (Fig. 2C,D) . Results showed that mutants of HILI lacking the PAZ domain such as D1 or D4 failed to interact with TBCB (Fig. 2E) . These results suggested that PAZ domain plays an important role in the binding between HILI and TBCB. We next mapped the HILI binding site in TBCB. TBCB mutants lacking the UBL domain such as d2 failed to interact with HILI (Fig. 2F) . These results suggested that the HILI binding site in TBCB is localized in the UBL functional domain.
HILI up-regulates TBCB expression through inhibiting Gigaxonin-mediated ubiquitination and degradation of TBCB. Based on above findings, we next examined whether HILI can affect TBCB expression. Western blotting assays showed that overexpression of HILI increased TBCB expression and knockdown of HILI decreased TBCB expression. Meanwhile, the decrease of TBCB expression regulated by HILI knockdown can be restored by overexpression of HILI (Fig. 3A) . Immunofluorescence experiments also showed that HILI knockdown decreased TBCB fluorescence intensity and HILI overexpression increased TBCB fluorescence intensity in HeLa and HepG2 cells (Fig. 3B) . The change of TBCB protein level may be due to protein degradation and/or change at mRNA level. We first performed real-time PCR assays and then no significant difference was observed after altering HILI expression (Fig. 3C ). In cells treated with cycloheximide (CHX) to inhibit protein synthesis, HILI knockdown increased degradation of TBCB (Fig. 3D ). In cells treated with proteasome inhibitor MG132, the down-regulation of TBCB induced by HILI knockdown was rescued (Fig. 3E ). Ubiquitination assay showed that the level of poly-ubiquitination of TBCB increased in HILI knockdown cells compared with control cells (Fig. 3F) .
Previous research has shown that Gigaxonin interacts with TBCB and controls its degradation through the ubiquitin-proteasome pathway 7 .
So we detected what roles HILI plays in TBCB ubiquitination and degradation. Western blotting assays showed that HILI inhibited Gigaxonin-mediated degradation of TBCB (Fig. 3G) . Coimmunoprecipitation assays showed that HILI knockdown promoted the binding between Gigaxonin and TBCB (Fig. 3H ). Taken together, HILI interacts with TBCB to inhibit the interaction between Gigaxonin and TBCB thus inhibiting Gigaxonin-mediated ubiquitination and degradation of TBCB.
HILI inhibits Gigaxonin-mediated TBCB ubiquitination and degradation in the HSP90-dependent manner. The previous research showed that HSP90 acts as chaperone of TBCB and stabilize TBCB 15 . Our previous research also showed that HILI interacts with HSP90 to prevent formation of HSP90-Tβ R complex and improve ubiquitination and degradation of TGF-β receptors. So we studied whether HILI has an effect on TBCB expression in the HSP90-dependent manner. The results showed that TBCB protein level was increased and acetylation level of α -tubulin was reduced in HSP90 overexpressed cells and vice versa (Fig. 4A) . Meanwhile, the decrease of TBCB expression induced by knockdown of HSP90 was restored upon MG132 treatment (Fig. 4B ) and HSP90 konckdown increased the level of poly-ubiquitination of TBCB (Fig. 4C) . Our further experiments showed that HSP90 knockdown can restore the increase of TBCB expression by HILI, and overexpression of HSP90 rescued the decrease of TBCB expression induced by HILI knockdown (Fig. 4D) . Immunoprecipitation experiments showed that HSP90 knockdown restored the interaction between Gigaxonin and TBCB decreased by HILI overexpression and HSP90 overexpression decreased the interaction between Gigaxonin and TBCB increased by knockdown of HILI (Fig. 4E) . Meanwhile, HILI knockdown decreased the interaction between HSP90 and TBCB (Fig. 4F) . Taken together, HILI inhibits Gigaxonin-mediated TBCB ubiquitination and degradation by promoting the interaction between HSP90 and TBCB and inhibiting the binding between Gigaxonin and TBCB.
HILI, HSP90 and TBCB form a protein complex. Our previous research has proved that HILI can interact with HSP90 30 . Based on our above finding that HILI interacts with TBCB, we hypothesized that HILI, HSP90 and TBCB may form a protein complex. Coimmunoprecipitation assays showed that each of these three proteins can interact with each other (Fig. 5A) . Immunofluorescence assays also showed that HILI, HSP90 and TBCB were mainly overlapped in cytoplasm (Fig. 5B) . Meanwhile, each of HILI, HSP90 and TBCB can directly interact with each other in vitro by TNT ® Quick coupled Transcription/Translation Systems (Fig. 5C) . A two-step immunoprecipitation assay further confirmed the existence of a complex comprised of HILI, TBCB and HSP90 (Fig. 5D ).
HILI inhibits PAK1-induced phosphorylation of TBCB.
Recent research has shown that the posttranslational phosphorylation of TBCB regulated by PAK1 plays an important role in microtubule dynamics 10 , and we have proved that HILI inhibits microtubule polymerization via TBCB. So we propose a hypothesis that HILI may have an effect on PAK1 which can induce TBCB phosphorylation and microtubule dynamics. To confirm this, immunoprecipitation assay was performed, showing that HILI overexpression decreased phosphorylation level of TBCB (Fig. 6A) . Phos-tag ™ Acrylamide SDS-PAGE gel was also employed to show bands of phosphorylated TBCB. When cells were treated with PAK1 inhibitor IPA-3, HILI overexpression no longer decreased phosphorylation level of TBCB (Fig. 6B) , suggesting that HILI inhibits PAK1-induced TBCB phosphorylation. Immunofluorescence assays showed that HILI inhibited the increase of α -tubulin acetylation level induced by PAK1 (Fig. 6C) . Meanwhile, HILI had no significant effect on PAK1 expression and HILI overexpression reduced phosphorylation level of PAK1 on Thr-423 and Thr-212 (Fig. 6D,E) . These results suggested that HILI decreases phosphorylation level of PAK1, reduces phosphorylation level of TBCB and inhibits microtubule polymerization.
HILI promotes cell proliferation, migration and invasion via TBCB. Recent research has shown that cancer cells depend on their cytoskeleton, including actin, microtubules and intermediate filaments, to proliferate, invade and metastasize 4 . Our previous researches showed that HILI can promote cell proliferation 29, 32 . Based on our findings above, we studied whether TBCB is implicated in HILI-regulated tumor cell proliferation, migration and invasion. First, cell counting kit-8 (CCK-8) assays were performed, showing that TBCB knockdown suppresses cell proliferation promoted by HILI overexpression and vice versa (Fig. 7A) . Then we performed cell scratch wound assay and cell invasion experiment, and the results showed that HILI and TBCB overexpression can promote migration and invasion baffled by HILI and TBCB knockdown, and when HILI and TBCB were knockdowned simultaneously, the situation of cell migration was impeded (Fig. 7B,C) . Taken together, these findings suggested that HILI promotes cell proliferation, migration and invasion via TBCB.
Discussion
Cytoskeleton, composed of microtubule, intermediate filament and microfilament, plays important roles in cell division, cell differentiation, cell apoptosis and cell cancerization [36] [37] [38] . Our previous researches have shown that HILI plays significant roles in regulating intermediate filament and microfilament in tumor cell 29, 32 . In the present study, our results showed that HILI can also inhibit microtubule polymerization in a TBCB-dependent manner (Fig. 1) .
TBCB, one member of cofactor family, is of great importance in proper folding α /β -tubulin to form heterodimers which are then polymerized into microtubules 1 . TBCB is a microtubule-destabilizing factor, and accumulation of TBCB in cells may be a causative factor responsible for microtubule pathology in human GAN (giant axonal neuropathy) 7 . TBCB can be regulated by posttranslational modification, including ubiquitination and phosphorylation 7, 10 . Our current study showed that HILI can interact with TBCB ( Fig. 2) and inhibit TBCB degradation (Fig. 3A-F) . Gigaxonin can participate in TBCB ubiquitination and degradation as E3 ubiquitin 7 . We further showed that HILI can inhibit the interaction between Gigaxonin and TBCB thus inhibiting Gigaxonin-mediated TBCB ubiquitination and degradation (Fig. 3G,H) .
Our results showed that HSP90 can upregulate TBCB (Fig. 4A) , and this result is consistent with previous study 15 . As shown in Fig. 4C , HSP90 can inhibit ubiquitination of TBCB. Our results showed that HILI can promote the interaction between HSP90 and TBCB, and HSP90 overexpression can inhibit the interaction between Gigaxonin and TBCB led to TBCB ubiquitination and degradation. This suggests that HSP90 may be a chaperone protein of TBCB (Fig. 4) . Coimmunoprecipitation assays, immunofluorescence assay, transcription and translation assay in vitro and two-step immunoprecipitation assay further showed that HILI, HSP90 and TBCB can form a protein complex (Fig. 5) . This prompts that HILI can promote the interaction between HSP90 and TBCB, inhibit the interaction between Gigaxonin and TBCB, and then suppress TBCB ubiquitination and degradation.
In addition, TBCB can be phosphorylated by the serine/threonine p21-Activated Kinase 1 (PAK1), and phosphorylation of TBCB can enhance polymerization of new microtubules 10 . Our research showed that HILI inhibits PAK1-induced phosphorylation of TBCB thus inhibiting microtubule polymerization (Fig. 6) , this prompts us that HILI may affect cell proliferation by influencing TBCB phosphorylation.
Cytoplasmic microtubules depolymerize and restructure into spindle in the early stage of the cell division. The dynamics of microtubule assembly make it unique in the cell division 39 . Destruction of microtubules can result in inhibition of protrusive lamellipodial activity 40, 41 , disrupting microtubules also led to Rho activation thus promoting actin cytoskeleton retraction of cell rear 42, 43 , so microtubule plays important role in cell migration. Our previous researches have shown that HILI promotes tumor cells proliferation [29] [30] [31] [32] [33] . Here, we showed that HILI promotes tumor cell proliferation, migration and invasion via TBCB (Fig. 7) .
In summary, our results showed that HILI regulates microtubule dynamics through two path ways. First, HILI interacts with TBCB and promotes the interaction between HSP90 and TBCB to inhibit the interaction between Gigaxonin and TBCB and suppress Gigaxonin mediated ubiquitination and degradation of TBCB. Second, HILI inhibits TBCB phosphorylation induced by PAK1. The up-regulation of TBCB expression and down-regulation of TBCB phosphorylation level induced by HILI overexpression suppress microtubule polymerization. Thus HILI can promote tumor cells proliferation, migration and invasion via TBCB (Fig. 8) . Considering that microtubule dynamics contributes to a variety of significant bioprocess, our research provides a new perspective on the role of HILI in tumor cell proliferation, migration and invasion and extends the function of the PIWI protein in tumorigenesis. 
Methods
Plasmid construction, shRNA and antibodies. cDNAs encoding MYC-tagged HILI, HA-tagged HILI, HA-tagged TBCB, HA-tagged Gigaxonin, and HA-tagged HSP90 were synthesized and inserted into pcDNA3.1(+ ) expression vector (Invitrogen). Meanwhile, we constructed a series of MYC-tagged HILI mutants (described in Fig. 1C ) and MYC -tagged TBCB mutants (described in Fig. 1D ) by segment and fusion PCR, and non-specific random shRNA control (sh-NC) was purchased from Gene Pharma (Shanghai, China). shRNA for HILI, TBCB and HSP90 were synthesized and cloned into pGPU6/GFP/Neo. The target sequences of these shRNA were as follows:
HILI sc-101772) and anti-PAK1(T-423, pAb, sc-12925) were purchased from Santa Cruz Biotechnology (Santa Cruz, USA); anti-Ac-α -tubulin (mAb, 5335) was purchased from Cell Signaling Technology (Boston, USA); anti-Phosphoserine (pAb, ab9332) and anti-GAPDH (mAb, ab181602) were purchased from abcam (Cambridge, MA); anti-α -tubulin (mAb, AT819) was purchased from Beyotime Biotechnology (Shanghai, China).
Cell culture, Transfection and Treatment. HeLa and HepG2 cells were maintained in our laboratory as previously described 27, 30 . They were cultured in DMEM with 10% FBS and transfected by using jetPRIME (#114-15, SA, France) according to manufacturers' protocols. All transfections were performed in 6-well plates. Forty-eight hours after transfection, cycloheximide (CHX) was added to a final concentration of 6 μ g/ml for 0-8 h. Where specified, cells were treated with the proteasome inhibitor MG132 at a final concentration of 10 μ M. Cells were harvested and analyzed by Western blotting using appropriate antibodies. All following experiments were repeated at least three times unless stated otherwise.
Coimmunoprecipitation and Western blotting. For coimmunoprecipitation and western blotting, cells
were lysed after transfecting with designated plasmids in universal protein extraction buffers (#PP1801, Bioteke, China) containing protease inhibitor (#04693116001, Roche, Switzerland). Extracted proteins were immunoprecipitated with special antibody and protein A + G agarose beads (#P2012, Beyotime, China). Bound proteins were separated using SDS-PAGE, transferred to polyvinylidene difluoride membranes (#IPVH00010, Millipore, USA) and detected with specific appropriate primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Specific proteins were visualized using an enhanced chemiluminescence (ECL) Western blotting detection system (#WBKLS0100, Millipore, USA).
Immunofluorescence staining. Cells were fixed with 4% paraformaldehyde in PBS for 10 min and permeabilized with 0.5% Triton X-100 for 6 min, blocked with 1% BSA for 30 min, incubated overnight at 4 °C with primary antibody, and finally incubated with Alexa Fluor ® 488 (#A-11055, Thermo Fisher Scientific, USA), Alexa Fluor ® 555 (#A-31570, Thermo Fisher Scientific, USA), Alexa Fluor ® 350 (#A10039, Thermo Fisher Scientific, USA) for 1 hour at room temperature. Each step was followed by two 5 min washes in PBS. For nuclear stain, prepared specimens were counterstained with DAPI (1‰) for 2 min. Fluorescent images were obtained with a confocal microscope (Olympus, Japan).
Quantitative real-time PCR. Total RNA was prepared using TRIzol (#15596-026, Invitrogen, USA) from HeLa and HepG2 cells transfected with MYC-HILI, sh-HILI or sh-NC. Quantitative PCR was performed in a CFX96 Touch real-time PCR detection system (Bio-Rad, USA) with a denaturation step at 94 °C for 10 min, followed by 45 cycles of denaturation at 94 °C for 20 s, annealing at 60 °C for 30 s, and extension at 72 °C for 40 s using the Kapa SYBR (#KK4650, Kapa. Boston, USA).
In vitro binding assay. For protein interaction analysis, in vitro protein binding assays were performed using TNT ® Quick Coupled in vitro transcription/translation system (#REFL1171, Promega, USA) according to the manufacturer's instructions. The reactions were carried out in 25 μ l volumes by adding 1 μ g of plasmid DNA and 1 μ l unlabeled methionine to the TnT mixture. We incubated the reaction mixture at 30 °C for 90 min and then 2 μ l of each production was used to detect the protein expression. Subsequently, 20 μ l aliquots of each protein were mixed together in 200 μ l binding buffer (20 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM dithiothreitol; 0.1% Tween 20) with protease inhibitors and incubated on a rotating platform at 4 °C for 3 h. Interactions were detected by coimmunoprecipitation and western blotting using specific antibodies.
Cell counting kit-8 (CCK-8) assays. Cell proliferation was analyzed using WST-8 Cell Counting Kit-8 (#C0038, Beyotime, China). Cells were seeded in 96-well plates with 100 μ l of DMEM medium containing 10% FBS and cultured in a humidified incubator (at 37 °C, 5% CO 2 ). Add 10 μ l of the CCK-8 solution into each well of the plates at indicated time after transfection, and then incubate the plates for 2 hours in the incubator (at 37 °C, 5% CO 2 ). Measure the absorbance at 450 nm using a microplate reader (BioTek, Vermont, USA). The relative proliferation ratio was presented as fold change that was calculated by absorbance and normalized by control to an arbitrary value of one.
Cell migration and invasion assays. Transfected cells were cultured in serum-free medium for 16 h. We created linear wounds with a pipette tip and observed after 24 h and 48 h. Images were captured using a fluorescence inverse microscope (Olympus, Japan). For cell invasion assays, cells were cultured in serum-free medium for 24 h, plated into the top transwell filter chambers coated with Matrigel (#354230, Corning, USA) and incubated for 24 h at 37 °C with 5% CO 2 . Migratory cells were fixed in methanol for 15 min, and stained with Wright-Giemsa (Jiancheng Biotech, Nanjing, China).
Statistical analysis.
Experiments were repeated three times, and all data were presented as the mean ± sd using GraphPad Prism 5.0 software. Migration and invasion results were analyzed with Image-Pro Plus software. Statistical analyses were performed using SPSS version 17.0. Differences between experimental groups were determined using Student's test. Values of P < 0.05 were considered as significant.
